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@ Directional coupler type optical device and a driving method therefor. 



@ A 1-input/2-output or 2-input/2-output direc- 
tional coupler type optical device comprising a 
junction (Co) including two optical waveguides 
(A,B) arranged parallel to each other and each 
fitted with an electrode (F t ,F 2 F^F^ for control- 
ling a propagation constant, the incidence end 
or ends of one or both of the optical waveguides 
being connected to curved or straight optical 
waveguides (E), thus forming an incidence-side 
lead section, and the respective emergence 
ends of the two optical waveguides being opti- 
cally connected to curved or straight optical 
waveguides (D), thus forming an emergence- 
side lead section. An electrode for suppressing 
the mode coupling is mounted on each optical 
waveguide of the emergence- or incidence-side 
lead section. A high extinction ratio of 30 dB or 
more can be obtained in either of cross and 
through modes by activating a required one of 
the mode coupling suppressing electrodes 
whie applying an electrical signal to each pro- 
pagation constant control electrode. 
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The present invention relates to a directional cou- 
pler type optical device of a novel construction and a 
driving method therefor, and more particularly, to a di- 
rectional coupler type optical device, capable of en- 
joying a high extinction ratio when used as an optical 
switch, polarizing splitter, optical modulator, light- 
wave divisional multiplexer, etc, and a driving method 
therefor. 

Recently, various optical devices having a direc- 
tional coupler of a waveguide type have been devel- 
oped, and optical switches, polarizing splitters, optical 
modulators, light-wave divisional multiplexers, etc 
using these devices have been proposed. 

Figs. 1 and 2 show examples of plane patterns of 
conventional optical devices of a directional coupler 
type. The device shown in Fig. 1 is a 2-input/2-output 
device, while the device shown in Fig. 2 is a 1 -inputs- 
output device. 

In Fig. 1, a junction CO of a length L is formed by 
arranging two optical waveguides A and B of equal 
widths W close to each other in parallel relation, with 
a distance G for evanescent coupling between them. 

Curved optical waveguides D1, D2, D3 and D4 
with a path width W and curvature radius R are opti- 
cally connected to the respective incidence ends A1 
and B1 and emergence ends A2 and B2 of the optical 
waveguides A and B of the junction CO, respectively, 
thus forming an incidence-side lead section C1 and 
an emergence-side lead section C2. Also, straight 
optical waveguides E1, E2, E3 and E4 with the path 
width W are optically connected to the curved optical 
waveguides D1, D2, D3 and D4, respectively, and a 
distance 6F is kept between the respective path- 
width centers of each corresponding two of the wave- 
guides E1 to E4. Electrodes F1, F2, F3 and F4 are 
mounted on the optical waveguides A and B of the 
junction CO. The electrodes F1 to F4 function as prop- 
agation constant control means which controls the 
propagation constant of the optical waveguides situ- 
ated individually right under the electrodes for a de- 
sired value by introducing specific electrical signals 
from the electrodes. 

If the straight optical waveguide E1 is an inci- 
dence port, the straight optical waveguides E3 and E4 
connected to the emergence-side lead section C2 
serve as a through port and a cross port, respectively. 

Basically, the 1-input/2-output device of Fig. 2 
has the same configuration as the 2-input/2-output 
device of Fig. 1. In the device of Fig. 2, one straight 
optical waveguide EO is optically connected to only 
the incidence end A1 of the one optical waveguide A 
in a direct manner, thus forming the incidence-side 
lead section C1. In Figs. 1 and 2, like reference nu- 
merals are used to designate those elements which 
are common to the two devices. In the device of Fig. 
2, the straight optical waveguide EO is an incidence 
port, and the straight optical waveguides E3 and E4 
connected to the emergence-side lead section C2 



serve as a through port and a cross port, respectively. 

In order to incorporate these devices in a fiber 
communication system, which is going to be practical- 
ly used, it fe necessary to prevent errors attributable 

5 to cross talk. Thus, the devices are expected to be 
subject to less cross talk, that is, to have high extinc- 
tion ratio characteristics. 

In the case of the device shown in Fig. 1, a theo- 
retically perfect cross mode can be established by ap- 

10 plying proper electrical signals from the electrodes 
F1,F2,F3andF4. 

In the case of a through mode, however, slight 
coupling is produced between the respective curved 
optical waveguides of each of the incidence- and 

15 emergence-side lead sections C1 and C2. In this 
case, therefore, a perfect through mode cannot be es- 
tablished, and the extinction ratio can be about 25 dB 
at the highest. 

In the case of the device shown in Fig. 2, no cou- 

20 piing is produced corresponding to the one between 
the optical waveguides of the Incidence-side lead sec- 
tion of the device shown in Fig. 1 , so that the extinction 
ratio for the through mode can be about 35 dB, which 
is higher than that of the device shown in Fig. 1 . How- 

25 ever, the device of Fig. 2 cannot enjoy the symmetry 
between the coupling at the incidence-side lead sec- 
tion and that of the emergence-side lead section of the 
device of Fig. 1, and slight coupling is produced be- 
tween the optical waveguides of the emergence-side 

30 lead section. According to the device of Rg. 2, there- 
fore, the extinction ratio for the cross mode can be 
only about 20 dB at the highest 

Thus, the conventional devices, which have a low 
extinction ratio for the through or cross mode, cannot 

35 exhibit high extinction ratio c ha racteristics for both 
emergence-side lead section. According to the device 
of Fig. 2, therefore, the extinction ratio for the cross 
mode can be only about 20 dB at the highest 

Thus, the conventional devices, which have a low 

40 extinction ratio for the through or cross mode, cannot 
exhibit high extinction ratio characteristics for both the 
through and cross modes. 

Since the extinction ratio characteristic of the opt- 
ical device is defined by the lower one of the extinction 

45 ratios for the through and cross modes, only a low val- 
ue can be obtained as the extinction ratio of the whole 
device. 

The extinction ratio used here is a value given by 
lOlog^lrMsl 2 ), where |r| 2 is the output power of 
so the through port, and I s| 2 is the output power of the 
cross port 

Among optical devices constructed in this man- 
ner, known examples of those which have relatively 
high extinction ratio characteristics include an optical 
55 switch with an extinction ratio of about 27 dB reported 
in Technical Digest Integrated and Guide-wave Op- 
tics '86 by P. Granestrand et al. and a polarizing split- 
ter with an extinction ratio of about 28 dB reported in 
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the 1990 Autumn National Meeting C-216 of the insti- 
tute of Electronic Intelligence and Communication En- 
gineers of Japan by H.M. Mak et al. 

H.M. Mak et al. also proposed a device shown in 
Fig. 3 in the 1991 Spring National Meeting C-224 of 5 
the Institute of Electronic Intelligence and Communi- 
cation Engineers of Japan. In this device, a junction 
CO of a length L is composed of a front partial junction 
C3 of a length p1 xL, a front partial junction C4 f cen- 
tral partial junction C5, rear partial junction C6, and 10 
rear partial junction C7. C1 and C2 designate inci- 
dence- and emergence-side lead sections, respec- 
tively. 

Theoretically, this device can obtain an extinction 
ratio of at least 40 dB or thereabout is 

The device shown in Fig. 3 can, however, enjoy 
this high theoretical extinction ratio only when the di- 
mensional parameters of the individual partial junc- 
tions and the like are substantially equal to their the- 
oretical values. 20 

In actually manufacturing the device, however, 
these individual partial junctions and the like cannot 
always be formed with a dimensional accuracy based 
on the theoretical values obtained by calculation, and 
their dimensional parameters sometimes may deli- 25 
cateiy deviate from the theoretical values. 

In such a case, the actual states of coupling be- 
tween the optical waveguides at the individual partial 
junctions depart from theoretical states of coupling 
obtained by calculation, so that the extinction ratios 30 
for the cross and through modes inevitably lower. 

An object of the present invention is to provide a 
directional coupler type optical device, in which slight 
coupling between optical waveguides of an emer- 
gence-side lead section or slight coupling between 35 
the respective optical waveguides of each of inci- 
dence- and emergence-side lead sections is removed 
so that a high extinction ratio characteristic, preferably 
30 dB or more, can be obtained in either of cross and 
through modes. ao 

Another object of the present invention is to pro- 
vide a directional coupler type optical device, in which 
asymmetry or difference between coupling of optical 
waveguides at incidence-side section and that of opt- 
ical waveguides at emergence-side lead section, 45 
which lowers the extinction ratio for the cross mode, 
is removed, and a junction is formed in a manner such 
that the extinction ratio for the through mode has a 
maximum, whereby a high extinction ratio can be ob- 
tained in either of the cross and through modes. so 

Still another object of the present invention is to 
provide a directional coupler type optical device, in 
which a high extinction ratio characteristic can be ob- 
tained in either of the cross and through modes with- 
out any strict control of the dimensional parameters of 55 
various parts of the device during manufacture, so 
that the device can be manufactured with ease. 

According to an aspect of the present invention. 



there is provided a directional coupler type optical de- 
vice which comprises a junction including a pair of first 
optical waveguides arranged parallel to each other 
and propagation constant control means on the first 
optical waveguides for controlling the respective 
propagation constants of the first optical waveguides, 
an incidence-side lead section including a second 
optical waveguide optically connected to the inci- 
dence side of one of the two first optical waveguides, 
and an emergence-side lead section including a pair 
of third optical waveguides optically connected at 
each one end thereof to the emergence side of each 
corresponding first optical waveguide and optically 
connected at the respective other ends thereof to a 
through port and a cross port, individually, the optical 
device comprising coupling control means on the 
emergence-side lead section for controlling the cou- 
pling between the two third optical waveguides. 

Preferably, the Incidence-side lead section is 
formed of one straight optical waveguide for use as 
the second optical waveguide, so that the optical de- 
vice functions as a 1-input/2-output directional cou- 
pler type optical device. Alternatively, the incidence- 
side lead section further includes another second opt- 
ical waveguide optically connected to the incidence 
side of the other of the two first optical waveguides, 
so that the optical device functions as a 2-input/2-out- 
put directional coupler type optical device. The optical 
device further comprises second coupling control 
means on the incidence-side lead section for control- 
ling the coupling between the two second optical wa- 
veguides. More preferably, in each of the 1-input/2- 
output or 2-input/2-output directional coupler type 
optical devices, the junction includes a first partial 
junction of a length p1 x L, a second partial junction 
of alength(1 - p1 - p2- p3) x U2, a third partial junc- 
tion of a length p2 x L, a fourth partial junction of the 
same length as that of the second partial junction, and 
a fifth partial junction of a length p3 x |_ the L being 
the length of the junction, the p1, p2 and p3 being dec- 
imals or zero satisfying a relation p1 +p2 + p3<1(p1, 
p2 * 0 for 1-input/2-output; p2 * 0 for 2-input/2-out- 
put), and the first to fifth partial junctions being opti- 
cally connected in the order named, starting at the in- 
cidence end of the junction. The junction further in- 
cludes third coupling control means on at least one of 
the first, third, and fifth partial junctions for controlling 
the coupling between corresponding portions of the 
two first optical waveguides. 

According to another aspect of the present inven- 
tion, there is provided a driving method for the afore- 
said 1-input/2-output directional coupler type optical 
device, comprising the step of activating a required 
one of mode coupling suppressing means, included in 
the coupling control means and mounted individually 
on the two third optical waveguides, whQe applying a 
required electrical signal to the propagation constant 
control means, thereby establishing a high-extinction 
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through or cross mode as required. 

According to stil another aspect of the present in 
invention, there is provided a driving method for the 
aforesaid 2-input/2-output directional coupler type 
optical device, comprising the steps of activating seo- 5 
ond mode coupling suppressing means, included in 
the second coupling control means and mounted on 
that one of the two second optical waveguides upon 
which no light is incident, and activating a required 
one of the mode coupling suppressing means mount* 10 
ed individually on the two third optical waveguides, 
while applying a required electrical signal to the prop- 
agation constant control means, thereby establishing 
a high-extinction through or cross mode as required. 

Some embodiments of the invention wfll now be 15 
described by way of example and with reference to 
the accompanying drawings, in which:- 

Fig. 1 is a plane pattern diagram of a conventional 
2-inpui/2-output directional coupler type optical 
device; 20 
Fig. 2 is a plane pattern diagram of a conventional 
1-input/2-output directional coupler type optical 
device; 

Fig. 3 is a plane pattern diagram of an optical de- 
vice reported in the 1 991 Spring National Meeting 25 
C-224 of the Institute of Electronic Intelligence 
and Communication Engineers of Japan; 
Fig. 4 is a plane pattern diagram showing the ba- 
sic configuration of a 1-input/2-output directional 
coupler type optical device according to a first 30 
embodiment of the present invention; 
Fig. 5 is a plane pattern diagram showing an ex- 
ample of connection of electrodes in the optical 
device of Fig. 4; 

Fig. 6 is a detailed plane pattern diagram of the 35 
optical device of Fig. 4; 

Fig. 7 is a sectional view taken along line VII-VII 
of Fig. 6; 

Fig. 8 is a sectional view taken along line VIII-VIII 
of Fig. 6; 40 
Fig. 9 is a plane pattern diagram showing the ba- 
sic configuration of a 2-inputS2-output directional 
coupler type optical device according to a second 
embodiment of the present invention; 
Fig. 10 is a plane pattern diagram showing the 45 
optical device of Fig. 9 in detaB; 
Fig. 11 is a sectional view taken along line XI-XI 
of Rg. 10; 

Fig. 12 is a plane pattern diagram showing the ba- 
sic configuration of a 1-input/2-output directional so 
coupler type optica) device according to a third 
embodiment of the present invention; 
Rg. 13 is a plane pattern diagram showing elec- 
trodes mounted on optical waveguides; 
Rg. 14 is a plane pattern diagram showing elec- 55 
trades mounted in a different way; 
Fig. 15 is a plane pattern diagram showing cou- 
pling control means mounted on the optical wave- 



guide; 

Fig. 16 is a plane pattern diagram showing cou- 
pling control means mounted in a different way. 
Fig. 1 7 is a plane pattern diagram showing a mod- 
ification of the optical device according to the third 
embodiment; 

Fig. 18 is a sectional view taken along line XVIII- 
XVIII of Fig. 17; 

Fig. 19 is a graph showing the relationships be- 
tween a coefficient p1 and extinction ratio ob- 
tained with use of p2 = p3=0, in the optical device 
shown in Fig. 17; 

Fig. 20 is a graph showing the relationships be- 
tween a coefficient p2 and extinction ratio ob- 
tained with use of p1 = 0.0335625, in the device 
shown in Fig. 17; 

Fig. 21 is a graph showing a change of the coef- 
ficient p2 compared with the etching depth h of 
the optical waveguide; 

Fig. 22 is a plane pattern diagram showing the ba- 
sic configuration of a 2-inputf2-output directional 
coupler type optical device according to a fourth 
embodiment of the present invention; 
Fig. 23 is a plane pattern diagram showing a mod- 
ification of the optical device according to the 
fourth embodiment; 

Fig. 24 shows a theoretical characteristic curve 
representing the switching characteristic of the 
device according to the modification shown in Fig. 
23; and 

Fig. 25 is a graph showing the relationships be- 
tween the coefficient p2 and extinction ratio ob- 
tained with use of p1 = p3 = 0, in the device ac- 
cording to the modification shown in Rg. 23. 
Referring now to Rgs. 4 to 8, a 1-input/2-output 
directional coupler type optical device according to a 
first embodiment erf the present invention will be de- 
scribed. 

As seen from Fig. 4, a basic plane pattern of this 
optical device is similar to that of the conventional 1- 
input/2-output directional coupler type optical device 
shown in Fig. 2 except that an emergence-side lead 
section C2 is constructed in a manner mentioned 
hereinbelow. 

First, a pair of first optical waveguides A and B 
with the same width (path width W) are arranged par- 
allel to each other with a fine space G between them 
at a junction CO, and a second optical waveguide 
formed of a straight optical waveguide E0 with the 
path width W is optically connected to an incidence 
end A1 of the one waveguide A, thus constituting an 
incidence-side lead section C1. Also, a pair of third 
optical waveguides formed individually of curved opt- 
ical waveguides D3 and D4 with a curvature radius R 
and the path width W are optically connected to emer- 
gence ends A2 and B2 of the first waveguides A and 
B, respectively, thus constituting an emergence-side 
lead section C2. Moreover, straight optical wave- 
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guides E3 and E4 with the path width W are optically 
connected to the curved optical waveguides D3 and 
D4, respectively, so that the distance between the re- 
spective path-width centers of the waveguides E3 and 
E4 is GF V thus constituting a through port (E3) and a 5 
cross port (E4), respectively. 

The emergence-side lead section C2 is not limit- 
ed to ttie Dlustrated arrangement including the curved 
optical waveguides. Alternatively, for example, the re- 
gions from the emergence ends A2 and B2 to the 10 
straight optical waveguides E3 and E4 may be formed 
of finely tapered straight optical waveguides, individ- 
ually. 

Any of these optical waveguides is formed of a 
material which develops an electrooptica) effect or a 15 
material of a structure such that its refractive index 
can be controlled by means of an electrical signal. In 
a natural state, the respective propagation constants 
of optical waveguides are equal. For example, each 
optical waveguide may be a muttflayer laminate struc- 20 
ture of a semiconductive material, such as 
GaAs/AIGaAs, formed by the MOCVD method. 

At the junction CO, electrodes F1, F2, F3 and F4 
are mounted on the optical waveguides A and B in an 
inverted A 0 configuration. These elements constitute 25 
propagation constant control means. Thus, the re- 
spective propagation constants of those optical wave- 
guides which are situated right under these electro- 
des can be changed by introducing specific electric 
signals from the electrodes. 30 

if the optical waveguides A and B are formed of 
a semiconductive material, for example, it is neces- 
sary only that the electrodes F1 and F4 and the elec- 
trodes F2 and F3 be connected by means of leads fl 
and f2, respectively, as shown in Fig. 5. 35 

Referring again to Rg. 4, the optical device com- 
prises mode coupling suppressing means (coupling 
control means, in a broader sense) which is formed by 
mounting electrodes F5 and F6 on the optical wave- 
guides D3 and D4, respectively, of the emergence-si- ao 
de lead section C2. 

When a specific forward electric current is inject- 
ed from the electrode F5 or F6, for example, a plasma 
effect, band filling effect, etc. develop and lower the 
refractive index in the optical waveguide D3 or D4 45 
right under the electrode. As a result, the coupling be- 
tween the optical waveguides D3 and D4 becomes 
asymmetric so that the mode coupling of light be- 
tween the waveguides D3 and D4 is suppressed. 

If the value of the injected forward current is 50 
changed, the state of suppression of the mode cou- 
pling also changes. If the injected forward current is 
increased by degrees, for example, a state can be ob- 
tained such that no optical waveguides equivalentiy 
exist, that is, the mode coupling is zero, when a cer- 55 
tain current level is attained. This state is an extreme 
situation for mode coupling suppression, which will be 
referred to as the mode cutoff state, hereinafter. 



In the optical device of Fig. 4, the incidence-side 
lead section C1 and the emergence-side lead section 
C2 are not symmetrical. If proper electrical signals are 
only applied to the electrodes (inverted A 0 configur- 
ation) F1 to F4 of the junction CO, therefore, a perfect 
through or cross mode cannot be obtained. Accord- 
ingly, in order to obtain a high-extinction switching 
state, it is necessary to remove slight coupling at the 
emergence-side lead section C2, and to make the 
coupling at the incidence-side lead section C1 con- 
formable with the coupling at the emergence-side 
lead section C2 (even when no coupling exists at the 
section C1). 

Thus, in the optical device of Fig. 4, the coupling 
at the emergence-side lead section C2 is removed by 
activating a corresponding one of the mode coupling 
suppressing means F5 and F6 depending on the 
switching state of the junction CO. For example, the 
mode coupling suppressing means F5, which is 
mounted on the optical waveguide D3 (connected to 
the through port E3) of the emergence-side lead sec- 
tion C2, is activated in the cross mode, while the mode 
coupling suppressing means F6, which is mounted on 
the optical waveguide D4 (connected to the cross port 
E4) of the section C2, is activated in the through 
mode. 

Since the slight coupling at the emergence-side 
lead section C2, that is, the cause of deterioration of 
the extinction ratio, can be removed by activating the 
mode coupling suppressing means, high-extinction 
cross and through modes can be established by ap- 
plying the electrical signals to the electrodes F1 to F4 
of the junction CO. 

Referring now to Figs. 8 to 8, the optical device 
according to the present embodiment wil be descri- 
bed further in dotal. 

In Fig. 6, the length of the junction CO is 6.0 mm, 
the distance 6 between the optical waveguides A and 
B is 3.5 urn, the distance GF between the respective 
path-width centers of the through port E3 and the 
cross port E4is250um, the respective curvature radii 
R of the curved optical waveguides D3 and D4 are 
both 30 um, and the path width W is 7 um 

The junction CO and the emergence-side lead 
section C2 are arranged in the manner shown in Figs. 
7 and 8, which are sectional views taken along lines 
VII-VIl and VIII-VIII, respectively, of Fig. 6. Reference 
symbol Gc of Figs. 6 and 8 indicate the distance be- 
tween the optical waveguides D3 and D4 as viewed 
along line VIII-VIII of Fig. 6. 

More specifically, a substrate 2 of n+GaAs, a buf- 
fer layer 3 of n+GaAIAs with a thickness of 0.5 um, a 
lower cladding layer 4 of n+GaAIAs with a thickness 
of 3.0 um, and a core layer 5 of n-GaAs with a thick- 
ness of 1.0 um are stacked in layers on a lower elec- 
trode 1 of AuGeNi/Au, in the order named, by the 
MOCVD method. Further, a cladding 6a of n-GaAlAs, 
a cladding 6b of p-GaAlAs, and a cap 6c of p+GaAs 
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are successively stacked in layers on the core layer 
5 by the MOCVD method, thus constituting an upper 
cladding layer 6. The top of the cladding layer 6 is 
coated with an insulating film 7, such as an Si02 Am. 
Thus, the two optical waveguides A and B with the s 
path width W are formed into a ridge-shape with the 
distance G between them. 

The height h of each optical waveguide is 1.0 um, 
and the gap h between the electrodes is 3 jim. 

At the regions where the electrodes F1, F2, F3 w 
and F4 are to be mounted, as shown in Fig. 7, those 
parts of the insulating film 7 which cover the optical 
waveguides A and B are removed to form slit-shaped 
windows 7a and 7b. TVPt/Au is, for example, depos- 
ited on the top face of the cap 6c through the windows is 
7a and 7b, thus forming the electrodes F3 and F4 (F1 
and F2). The electrodes F3 and F2 and the electrodes 
F4 and F1 are connected by means of the leads fl and 
f2, respectively, to provide the inverted A p configur- 
ation, thus forming the propagation constant control 20 
means. 

At the emergence-side lead section C2, as shown 
in Fig. 8, those parts of the insulating film 7 which cov- 
er the optical waveguides D3 and D4 are removed to 
form the slit-shaped windows 7a and 7b. Ti/Pt/Au is 25 
deposited on the top face of the cap 6c through the 
windows 7a and 7b, thus forming the electrodes F5 
and F6. These electrodes F5 and F6, which are inde- 
pendently connected to an electrical signal introduc- 
tion system (not shown), constitute the mode coupling 30 
suppressing means for the optical waveguides D3 
and D4, respectively. 

In the optical waveguides A and B formed in this 
manner, the interface between the claddings 6a and 
6b constitutes a pn-junction interface 6d. If specific 35 
electrical signals are Introduced from the electrodes 
F1, F2, F3 and F4, therefore, an electrooptical effect, 
plasma effect, band filling effect, etc. develop at the 
pn-junction interface, so that the respective refractive 
indexes of those portions of the core layer 5 which are 40 
situated right under the electrodes change. As a re- 
sult, a propagation constant difference A 0 is pro- 
duced between the optical waveguides A and B, so 
that the state of optical coupling changes. 

When a TE mode light beam with a wavelength of 45 
1.3 jim is excited at the incidence port E0, and if only 
the electrooptical effect is developed by applying re- 
verse bias voltage to the electrodes F1 to F4, in this 
device, switching characteristics of about 18 dB and 
37 dB are obtained for the cross and through modes, 50 
respectively, according to theoretical calculations. 

When the junction CO was actually driven by 
means of the reverse bias voltage, however, the ex- 
tinction ratio of about 17 dB was obtained with use of 
the driving voltage of -7 V for the cross mode, and 55 
about 26 dB was obtained with use of the driving vol- 
tage of -15 V for the through mode. Thus, the deteri- 
oration of the extinction ratio for the through mode 



proved substantial, in particular. 

Thereupon, when a forward current of a suitable 
value was injected from the electrode F5 on the side 
of the optical waveguide D3 (connected to the through 
port E3) of the emergence-side lead section C2, in the 
cross mode with the driving voltage of -7 V, the extinc- 
tion ratio characteristic improved to 30 dB or more. 
Thus, a cross mode with a very high extinction ratio 
was able to be established. 

When a forward current of a suitable value was in- 
jected from the electrode F6 on the side of the optical 
waveguide D4 (connected to the cross port E4) of the 
emergence-side lead section C2, In the through mode 
with the driving voltage of -15 V, on the other hand, 
the extinction ratio characteristic improved to 30 dB or 
more. Thus, a through mode with a very high extinc- 
tion ratio was able to be established. 

The following is a description of a modification of 
the optical device according to the aforementioned 
embodiment 

The optical device according to this modification 
is constructed in the same manner as the optical de- 
vice of the foregoing embodiment except that the cur- 
vature radius R of the curved optical waveguides D3 
and D4 are 50 mm. 

When a TE mode light beam with a wavelength of 
1 .3 nm is excfted at the incidence port E0, and if only 
the electrooptical effect is developed by applying re- 
verse bias voltage to the electrodes F1 to F4, in the 
device according to the modification, switching char- 
acteristics of about 18 dB and 33.8 dB are obtained 
for the cross and through modes, respectively, ac- 
cording to theoretical calculations, since the curvature 
radius of the optical waveguides D3 and D4 is greater 
than in the case of the foregoing embodiment 

When the junction CO was actually driven by 
means of the reverse bias voltage, however, the ex- 
tinction ratio of about 16.5 dB was obtained with use 
of the driving voltage of -8 V for the cross mode, and 
about 24 dB was obtained with use of the driving vol- 
tage of -16 V for the through mode. Thus, the extinc- 
tion ratio worsened more than in the case of the fore- 
going embodiment 

Thereupon, when a forward current of a suitable 
value was injected from the electrode F5 on the side 
of the optical waveguide D3 (connected to the through 
port E3) of the emergence-side lead section C2, in the 
cross mode with the driving voltage of -8 V, the extinc- 
tion ratio characteristic improved to 30 dB or more. 
Thus, a cross mode with a very high extinction ratio 
was able to be established. 

When a forward current of a suitable value was in- 
jected from the electrode F6 on the side of the optical 
waveguide D4 (connected to the cross port E4) of the 
emergence-side lead section C2, in the through mode 
with the driving voltage of -16 V, on the other hand, 
the extinction ratio characteristic improved to 30 dB or 
more. Thus, a through mode with a very high extinc- 
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tbn ratio was able to be established. 

According to the embodiment and the modifica- 
tion thereof described above, the slight coupling at the 
emergence-side lead section can be removed by ac- 
tivating electrode F5 or F6 for use as the mode cou- 
pling suppressing means, so that a high extinction ra- 
tio characteristic of 30 dB or more can be obtained in 
either of the cross and through modes. 

Even though the design parameters of the optical 
device vary, as seen from the comparison between 
the optical devices of the foregoing embodiment and 
its modification, a high extinction ratio of 30 dB or 
more can be obtained without depending on the vari- 
ation. In other words, the optical device according to 
the embodiment can enjoy a high extinction ratio char- 
acteristic even though it is manufactured without any 
strict high-accuracy control of dimensional parame- 
ters, so that its manufacture is easy, and its industrial 
value is substantial. 

Referring now to Figs. 9 to 11, a 2-input/2-output 
directional coupler type optical device according to a 
second embodiment of the present invention will be 
described. 

As seen from Fig. 9, a plane pattern of the optica) 
device of the present embodiment differs from that of 
the conventional 2-input/2-output directional coupler 
type optical device shown in Fig. 3 only in that inci- 
dence- and emergence-side lead sections C1 and C2 
are constructed as follows. Except for the configura- 
tion of the incidence-side lead section C1, moreover, 
the optical device of the present embodiment is iden- 
tical with that of the first embodiment Therefore, like 
reference numerals are used to designate like or com- 
mon elements used in the conventional devices and 
those of the first and second embodiments, and a de- 
scription of those elements is omitted. 

The optical device of the present embodiment 
comprises a junction CO and an emergence-side lead 
section C2 which are constructed in the same manner 
as those of the first embodiment Curved optical wa- 
veguides D1 and D2 with the path width W and cur- 
vature radii R0 and R1 , respectively, are optically con- 
nected to incidence ends A1 and B1 of two optical wa- 
veguides A and B of the junction CO, respectively, 
thus constituting an incidence-side lead section C1. 
Straight optical waveguides E1 and E2 are optically 
connected to these waveguides D1 and D2, respec- 
tively, so that the distance between the respective 
path-width centers of the waveguides E1 and E2 is Gf, 
thus constituting incidence ports. 

The incidence-side lead section C1 is not limited 
to the ilustrated arrangement including the curved 
optical waveguides. Alternatively, for example, the re- 
gions from the incidence ends A1 and B1 to the 
straight optical waveguides E1 and E2 may be formed 
of finely tapered straight optical waveguides, individ- 
ually. 

Further, the optical device comprises second 



mode coupling suppressing means (second coupling 
control means, in a broader sense) which, like the 
mode coupling control means F5 and F6 described 
before with reference to Fig. 4, is formed by mounting 
5 electrodes F7 and F8 on the optical waveguides D1 
and D2, respectively, of the incidence-side lead sec- 
tion C1. 

When a specific forward current is injected from 
the electrode F7 or F8, for example, a plasma effect, 
band filling effect, etc. develop and lower the refrac- 
tive index in the optical waveguide D1 or D2 right un- 
der the electrode. As a result, the coupling between 
the optical waveguides D1 and D2 becomes asym- 
metric, so that the mode coupling of light between the 
waveguides D1 and D2 is suppressed. As in the case 
of the foregoing optical waveguides D3 and D4, the 
mode cu to f f s t ate can be established between the wa- 
veguides by increasing the injected forward current by 
degrees. 

In the optical device of Fig. 9, the incidence-side 
lead section C1 and the emergence-side lead section 
C2 are sym m etric a l. Theoretically, therefore, a per- 
fect cross mode can be obtained by driving the elec- 
trodes F1 to F4 of the junction CO by means of proper 
electrical signals. Since slight coupling is formed at 
the incidence- and emergence-side lead sections C1 
and C2, the extinction ratio characteristic for the 
through mode is deteriorated. In order to obtain a high 
extinction ratio in the through mode, therefore, the 
coupling must be removed. 

Thus, in the case of the optical device of Fig. 9, 
the coupling at the incidence-side lead section C1 is 
removed by activating the mode coupling suppress- 
ing means (electrode F8 in Fig. 9) on that optical wa- 
veguide (waveguide D2, for example) upon which no 
light is incident, out of the optical waveguides D1 and 
D2 of the incidence-side lead section C1, in the afore- 
said state, while the coupling at the emergence-side 
lead section C2 is removed by activating the mode 
coupling suppressing means (electrode F6) on the 
optical waveguide D4 which is connected to a cross 
port (waveguide E4 in Fig. 9) of the emergence-side 
lead section C2. By doing this, the slight coupling at 
the incidence- ami emergence-side lead sections C1 
and C2 can be thoroughly removed, so that a high- 
extinction through mode can be established by driving 
the electrodes at the junction CO. 

If the incidence- and emergence-side lead sec- 
tions C1 and C2 are arranged asymmetrically for 
some reason or other, a high-extinction cross mode 
can be established in the following manner, as in the 
case of the through mode. The coupling at the inci- 
dence-side lead section C1 is first removed by activat- 
ing the mode coupling suppressing means (electrode 
F8 in Fig. 9) on that optical waveguide (waveguide D2, 
for example) upon which no light is incident, out of the 
optical waveguides D1 and D2 of the incidence-side 
lead section C1, and the coupling at the emergence- 
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side lead section C2 is then removed by activating the 
mode coupling suppressing means (electrode F5) on 
the optical waveguide D3 which is connected to a 
through port (waveguide E3 in Fig. 9) of the emer- 
gence-side lead section C2. By doing this, the slight s 
coupling at the incidence- and emergence-side lead 
sections C1 and C2 can be thoroughly removed, so 
that a high-extinction cross mode can be established 
by driving the electrodes at the junction CO. 

The slight coupling at the incidence- and emer- 10 
gence-side lead sections C1 and C2 can be thorough- 
ly removed to further improve the extinction ratio char- 
acteristics by activating the aforesaid mode coupling 
suppressing means in a manner such that the mode 
coupling is zero, that is, the mode cutoff state is esta- 15 
blisbed. 

Referring now to Figs. 10 and 11, the optical de- 
vice according to the present embodiment will be de- 
scribed further in detail. 

In Fig. 10, the length of the junction CO is 6.0 mm, 20 
the distance Q between the optical waveguides A and 
B is 3.5 um, the distance Gf between the respective 
path-width centers of the incidence ports E1 and E2 
and the distance GF between the respective path- 
width centers of the through port E3 and the cross port 25 
E4 are both 250 um, the respective curvature radii R0 
and R1 of the curved optical waveguides D1 and D2 
and the waveguides D3 and D4, which constitute the 
incidence- and emergence-side lead sections C1 and 
C2, respectively, are both 50 um, and the path width 30 
W is 7 um. The gap g between the electrodes is 3.0 
um. 

The junction CO and the emergence-side lead 
section C2 are constructed or formed in the same 
manner as those of the first embodiment shown in 35 
Figs. 7 and 8, so that a description of those elements 
is omitted. As shown in Fig. 11, which is a sectional 
view taken along line Xl-Xl of Fig. 10, the incidence- 
side lead section C1 has the same configuration as 
the emergence-side lead section C2, so that a de- 40 
scription of its construction and the forming method 
therefor is omitted. Further, the electrodes F7 and F8 
of the incidence-side lead section C1, which function 
as the mode coupling suppressing means for the opt- 
ical waveguides D1 and D2, respectively, are formed 45 
in the same manner as the electrodes F5 and F6 of 
the emergence-side lead section C2 described before 
with reference to Fig. 8. Also, the electrodes F7 and 
F8 are connected to an electrical signal introduction 
system (not shown), independently of each other and so 
of the electrodes F5 and F6. 

When a TE mode light beam with a wavelength of 
1.3 um is excited at the incidence port E1 or E2, and 
if only the electrooptical effect is developed by apply- 
ing reverse bias voltage to the electrodes F1 to F4, in 55 
this device, switching characteristics of 60 dB or more 
and 30 dB or more are obtained for the cross and 
through modes, respectively, according to theoretical 



calculations. 

When the junction CO was actually driven by 
means of the reverse bias voltage, however, the ex- 
tinction ratio of 30 dB or more was obtained with use 
of the driving voltage of -7 V for the cross mode, while 
about 20 dB was obtained with use of the driving vol- 
tage of -15 V for the through mode. Thus, the deteri- 
oration of the extinction ratio for the through mode 
proved substantial, in particular. 

Thereupon, light was applied to the incidence-si- 
de port E1, and a forward current of a suitable value 
was injected from the electrodes F8 and F5 in the 
cross mode with the driving voltage of -7 V, so that the 
optical waveguides D2 and D3 were brought to the 
mode cutoff state. As a result the optical device was 
driven in the cross mode with the extinction ratio of 30 
dB or more. 

Further, light was applied to the incidence-side 
port E1, and a forward current of a suitable value was 
injected from the electrodes F8 and F6 in the through 
mode with the driving voltage of -15 V, so that the opt- 
ical waveguides D2 and D4 were brought to the mode 
cutoff state. As a result, the optical device was driven 
in the through mode with the extinction ratio of 30 dB 
or more. 

According to the optical device of the second em- 
bodiment, as described above, the slight coupling at 
the incidence- and emergence-side lead sections can 
be removed by activating required ones of the electro- 
des F5 to F8, for use as the mode coupling suppress- 
ing means, while driving the electrodes F1 to F4 of the 
junction CO, for use as the propagation constant con- 
trol means, to keep the device in the cross or through 
mode. Thus, a high extinction ratio characteristic of 30 
dB or more can be obtained in either of the cross and 
through modes. The mechanism of providing the high 
extinction ratio does not depend on the design para- 
meters of the optical device, so that the manufacture 
of the device is easy with respect to the dimensional 
accuracy. 

Referring now to Figs. 12to16,a1-input/2-output 
directional coupler type optical device according to a 
third embodiment of the present invention wfll be de- 
scribed. 

As seen from Fig. 12, a plane pattern of the opti- 
cal device of the present embodiment differs from that 
of the conventional one shown in Fig. 2 only in the 
construction of the junction CO and emergence-side 
lead section C2. Except for the junction CO, moreover, 
the optical device of the present embodiment is simi- 
lar to the optical device of the first embodiment shown 
in Fig. 4. Therefore, like reference numerals are used 
to designate like or common elements used in the 
conventional devices and those of the first and third 
embodiments, and a description of those elements is 
omitted. 

The optical device of the present embodiment 
comprises an incidence-side lead section C1 and an 
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emergence-side lead section C2 which are construct- 
ed in the same or similar manner as those of the first 
embodiment A junction CO is formed by optically con- 
necting a front partial junction C3, front partial junction 
C4 with electrode, central partial junction C5, rear par- s 
tiaJ junction C6 with electrode, and rear partial junction 
C7 in the order named, ranging from an incidence end 
A1 to emergence ends A2 and B2 thereof. The front 
partial junction C3 serves as a first partial junction at 
which control means K1 and K2 for the coupling coef- 10 
flcient or state of coupling between optical wave- 
guides A and B are mounted. The front partial junction 
C4 with electrode serves as a second partial junction 
at which front electrodes F1 and F2 are mounted on 
the optical waveguides A and B, respectively. The 1 5 
central partial junction C5 serves as a third partial 
junction at which control means K3 and K4 for the cou- 
pling coefficient or state of coupling between the opt- 
ical waveguides A and B are mounted. The rear partial 
junction C6 with electrode serves as.a fourth partial 20 
junction at which rear electrodes F3 and F4 are 
mounted on the optical waveguides A and B, respec- 
tively. The rear partial junction C7 serves as a fifth par- 
tial junction at which control means K5 and K6 for the 
coupling coefficient or state of coupling between the 25 
optical waveguides A and B are mounted. 

If the overall length of the junction CO is U and if 
p1 , p2 and p3 are decimals or zero satisfying a rela- 
tion p1 + p2 + p3 < 1 (p1 , p2 * 0), the length of the front 
partial junction C3 is p1 x L, that of the front partial 30 
junction C4 with electrode is (1 - p1 - p2 - p3) x U2, 
that of the central partial junction C5 is p2 x L, that of 
the rear partial junction C6 with electrode is (1 - p1 - 
p2 - p3) x U2, and that of the rear partial junction C7 
is p3 x L 35 

Further, control means K7 and K8 for the coupling 
coefficient or state of coupling between curved optical 
waveguides D3 and D4 of the emergence-side lead 
section C2 are mounted on the waveguides D3 and 
D4, respectively. The control means K7 and K8 cor- AO 
respond to the electrodes F5 and F6 of Fig. 4, respec- 
tively. 

At the partial junctions C4 and C6, the electrodes 
F1, F2, F3 and F4, which, like those of the first and 
second embodiments, serve to control the respective 45 
propagation constants of the optical waveguides A 
and B, respectively, are mounted to form an inverted 
A p structure. 

If the optical waveguides are formed of a serm- 
conductive material, for example, it is necessary only so 
that the electrodes F1 and F4 and the electrodes F2 
and F3 be connected by means of leads ft and f2, re- 
spectively, as mentioned before with reference to Fig. 
5. 

If the optical waveguides are formed of a dielec- 55 
trie, such as LiNb03, it is necessary only that the elec- 
trodes be connected to one another, as shown in the 
plane pattern diagrams of Figs. 13 and 14. Fig. 13 



shows a case in which the crystal of LiN b03 is cut in 
the Z-direction. The electrodes F1 to F4 must only be 
mounted on the optical waveguides A and B so that 
voltage can be applied in the manner shown in Fig. 1 3. 
If the crystal of LiNb03 is cut in the Y-direction, ft is 
necessary only that a grounded common electrode be 
located between the waveguides A and B so that vol- 
tage can be applied on either side of each waveguide, 
as shown in Fig. 14. 

The control means K1 to K8 can be formed by 
mounting electrodes on the optical waveguides at the 
partial junctions C3, C5, C7 and C2 or by arranging 
the electrodes in the vicinity of the waveguides so that 
electrical signals are introduced from these electro- 
des. 

If the optical waveguides A and B are formed of 
a semiconductive material, for example, it is neces- 
sary only that the electrodes be mounted individually 
in the respective positions of the partial junctions C3, 
C5, C7 and C2 and connected to one another. By in- 
troducing proper electrical signals from the control 
means K1 to K8 into the optical waveguides right un- 
der them, the respective refractive indexes of the two 
optical waveguides A and B can be increased or de- 
creased to the same degree. Thus, the coupling coef- 
ficient k between the two optical waveguides can be 
directly changed without entailing the propagation 
constant difference A P . Even in case the coupling 
control means (electrodes) are not connected to one 
another, moreover, the same effect as aforesaid can 
be obtained if the electrical signals introduced into the 
individual control means are identical. 

If the optical waveguides A and B are formed of 
a dielectric such as LiNb03 whose crystal is cut in the 
Z-direction, it is necessary only that the coupling con- 
trol means K be mounted as shown in Rgs. 15and 16. 
For example, the coupling coefficient between the 
optical waveguides A and B can be reduced by 
mounting the control means (electrodes) K individual- 
ly on the optical waveguides A and B at the partial 
junctions C3, C5, C7 and C2, as shown in Fig. 15, so 
that voltage can be applied as illustrated. Further, the 
coupling coefficient between the optical waveguides 
A and B can be increased by locating a grounded 
common electrode between the waveguides A and B, 
and by arranging the electrodes in the manner shown 
in Fig. 16 so that voltage can be applied as illustrated 
on either side of each waveguide. 

The coefficients p1 and p3, among the coeffi- 
cients p1, p2 and p3 for defining the respective 
lengths of the individual partial junctions, are selected 
as values such that the state of coupling at the front 
partial junction C3 with the length p1 x L agrees with 
the state of coupling at the region including the rear 
partial junction C7 with the length p 1 x L and the emer- 
gence-side lead section C2 so that the connection at 
the front partial junction C3 and the connection at an 
equivalent emergence-side lead section formed of the 
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rear partial junction C7 and the emergence-side lead 
section C2 cancel each other, whereby the whole de- 
vice can equivalent^ enjoy perfectly symmetrical in- 
cidence- and emergence-side lead sections. 

The coefficient p2 is adjusted to a value such that s 
the central partial junction C5 has a length corre- 
sponding to a maximum value of the extinction ratio 
as measured in the through mode with the length of 
the junction C5 varied. Thus, a state of coupling can 
be obtained which is equivalent to the sum of the in- 10 
dividual states of coupling at the front and rear partial 
junctions C3 and C7 and the emergence-side lead 
section C2. 

Preferably, gaps g1 to g10 with a suitable width 
are formed between the electrodes and the control 15 
means mounted on the individual partial junctions. 
These gaps serve to prevent the electrodes F1 to F4 
and the control means K1 to KB at the adjacent partial 
junctions from being influenced by the electrical sig- 
nals introduced into the electrodes F1 to F4 and the 20 
control means K1 to K8. 

In the case of the directional coupler type optical 
device according to the present embodiment, the 
state of coupling at the front partial junction C3 agrees 
with the state of coupling at the region including the 25 
rear partial junction C7 and the emergence-side lead 
section C2. In the directional coupler as a whole, 
therefore, the front partial junction C4 with electrode, 
central partial junction C5, and rear partial junction C6 
with electrode develop a state equivalent to the one 30 
obtained in the case where the incidence- and emer- 
gence-side lead sections are perfectly symmetrical. 
Thus, the extinction ratio for the cross mode can be 
prevented from lowering. 

The central partial junction C5 is adjusted to a 35 
length such that the extinction ratio for the through 
mode has a maximum. In this case, the theoretical ex- 
tinction ratio for the through mode is 60 dB or more. 

By activating the control means K7 and K8 mount- 
ed on the emergence-side lead section C2, moreover, 40 
the deviation between the actual and theoretical 
states of coupling at each partial junction, attributable 
to variation in dimensional accuracy in the manufac- 
ture of the device, can be adjusted to restore the de- 
vice to a high-extinction state. 45 

Referring now to Figs. 17 and 18, a modification 
of the optical device according to the third embodi- 
ment will be described. 

The optical device according to this modification 
is a modified version of the device shown in Fig. 12 in 50 
which p3 = 0 is given, that is, the respective emer- 
gence ends A2 and B2 of the optical waveguides A 
and B are optically connected directly to their corre- 
sponding curved optical waveguides D3 and D4 with- 
out the use of the rear partial junction C7. 55 

In Fig. 17, the length of the junction CO is 8.0 mm, 
the distance G between the optical waveguides A and 
B is 3.5 um, the distance GF between the respective 



path-width centers of the through port E3 and the 
cross port E4 is 250 um, the respective curvature radii 
R of the curved optical waveguides D3 and D4, which 
constitute the emergence-side toad section C2, are 
both 30 um, and the path width W is 7 um. 

The length, p1 x L, of the front partial junction C3 
is 268.5 um (p1 = 0.0335626), the length, p2 x L, of 
the central partial junction C5 is 537 um (p2 = 
0.0671 25), and the respective lengths of the front par- 
tial junction C4 with electrode and the rear partial junc- 
tion C6 with electrode are both 3.59725 mm. 

The front and rear partial junctions C4 and C6 
with electrode at the junction CO and the emergence- 
side lead section C2 are constructed or formed in the 
same manner as those of the first embodiment shown 
in Figs. 7 and 8. Further, the central partial junction C5 
is constructed in the manner shown in Fig. 18, which 
is a sectional view taken along line XVIII-XV1II of Fig. 
17. 

More specifically, as in the case of the first em- 
bodiment, a substrate 2, a buffer layer 3, a lower clad- 
ding layer 4, and a core layer 5 are stacked in layers 
on a lower electrode 1 in the order named. Further, 
claddings 6a and 6b and a cap 6c are successively 
stacked in layers on the core layer 5, thus constituting 
an upper cladding layer 6. The top of the cladding lay- 
er 6 Is coated with an Insulating film 7, whereby the 
optical waveguides A and B are formed. The wave- 
guides A and B, each in the form of a ridge having a 
predetermined depth h and path width W, are formed 
by stacking the aforesaid layers for lamination and 
subjecting the resulting laminate to conventional pho- 
tolithography and etching. The respective thickness- 
es of the individual layers, which are the same as 
those of their corresponding layers of the first embodi- 
ment, are optimum values for the case where the 
depth h of the optical waveguides A and B is 1.0 um. 
Furthermore, corresponding ones of the electrodes 
F1, F2, F3 and F4, formed in the same manner as 
those of the first embodiment, are connected to one 
another by means of the lead fl orf2, thus constituting 
the inverted A 0 structure. 

At those portions where the control means K1, 
K2, K3, K4, K7 and K8 are to be mounted, Ti/Pt/Au is 
deposited on windows 7a and 7b to form the control 
means K3 and K4 (K1, K2, K7 and K8), as shown in 
Fig. 18. The control means K3 and K4, K1 and K2, and 
K7 and K8 are con nected by means of leads f4, f3 and 
f5, respectively (Fig. 17). In the optical waveguides A 
and B formed in this manner, the interface between 
the claddings 6a and 6b constitutes a pn-junction in- 
terface 6d. If specific electrical signals are introduced 
from the electrodes F1 to F4 and the control means 
K1 to K8, therefore, an electrooptical effect, plasma 
effect, band filling effect, etc. develop at the pn-junc- 
tion interface, so that the respective refractive in- 
dexes of those portions of the core layer 5 which are 
situated right under the electrodes change. As a re- 
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suit, the state of optical coupling between the optical 
waveguides A and B changes. 

The gaps g1 to g8 between the individual partial 
junctions are all 3.0 urn. 

Fig. 19 shows theoretical characteristic curves in- 
dividually representing changes of the extinction ra- 
tios for the through and cross ports E3 and E4 ob- 
tained when p1 is varied with use of p2 = p3 = 0, in 
this device. In Fig. 19, broken line represents the 
change of the extinction ratio for the through port, and 
full line for the cross port As seen from these curves, 
the extinction ratio for the cross port is 60 dB or more 
when p1 ranges from 0.0322 to 0.0338, and has a 
maximum when the front partial junction C3 is formed 
with the value p1 In the vicinity of 0.0335625. 

Fig. 20 shows theoretical characteristic curves in- 
dividually representing changes of the extinction ra- 
tios for the through and cross ports E3 and E4 ob- 
tained when the coefficient p2 is varied with use of p1 
= 0.0335625 and p3 = 0. In Fig. 20, broken line rep- 
resents the change of the extinction ratio for the 
through port, and full line for the cross port 

As seen from the theoretical characteristic curves 
of Figs. 1 9 and 20, this device theoretically can obtain 
the extinction ratio of 60 dB or more for either of the 
through and cross modes. 

If the depth h of the optical waveguides A and B 
shown in Fig. 18 varies, the extinction ratios of the de- 
vice become lower than the theoretical values shown 
in Figs. 19 and 20 even though the other dimensional 
parameters are fixed. 

If the value of the depth h is 0.05 um smaller than 
the preset value 1 .0 um, for example, extinction ratios 
of only about 30 dB and 25 dB can be obtained for the 
cross and through modes, respectively, even though 
optimum electrical signals are introduced into the 
electrodes F1 to F4 of the device. In other words, if the 
optical device shown in Fig. 18 is manufactured with 
use of the same dimensional parameters for the case 
of the first embodiment, and if its extinction ratios for 
the cross and through modes are about 30 dB and 25 
dB, respectively, then the depth h of the optical wave- 
guides A and B of this device will be 0.95 um, not 1 .0 
um. 

Fig. 21 shows the result of measurement on the 
relationship between the etching residue, 1.0 - h(um), 
and the coefficient p2 for the maximum extinction ra- 
tio, obtained as the depth h of the device is varied. In 
this case, p2 is given by p2 = p1/2. 

Where the depth h of the device ranges from 1 .0 
um to 0.95 um, as seen from Fig. 21 , the value p2 va- 
ries from 0.067125 to 0.061239. Thus, the extinction 
ratios of the device can be believed to be lower than 
the theoretical values. 

A reverse voltage of about -16 V was applied to 
the control means (electrodes) K1 and K2 of the front 
partial junction C3, the control means (electrodes) K3 
and K4 of the central partial junction C5, and the con- 



trol means (electrodes) K7 and K8 of the emergence- 
side lead section C2, and at the same time, a reverse 
voltage of -7 V was applied to the electrodes F1 to F4. 
Thereupon, a cross mode with the extinction ratio of 
5 30 dB or more was obtained. When a reverse voltage 
of -1 5 V was applied to the electrodes F1 to F4, on the 
other hand, a through mode with the extinction ratio 
of 30 dB or more was obtained. 

This is attributable to the following result The 

10 electrooptical effect of the optical waveguides was de- 
veloped by the applied reverse voltage, at the partial 
junctions C3 and C5 and the emergence-side lead 
section C2, so that the respective refractive indexes 
of those sections were increased. Accordingly, light 

15 was confined so tight that the coupling coefficient be- 
tween the paired optical waveguides was lowered. 
Thus, the length of the partial junction C5 increased 
from 490 um (corresponding to p2 of 0.061239) and 
equivalent^ approached a preset value 540 um (cor- 

20 responding to p2 of 0.067125). 

If the etching depth h is increased, it is necessary 
only mat current be injected from the individual control 
means to reduce the respective refractive indexes of 
the optical waveguides right under the control means 

25 by utilizing the plasma effect of the waveguides, so 
that the coupling coefficient between the waveguides 
is correspondingly increased to shorten the length of 
the partial junction C5 equivalentiy. 

In the optical devices according to the third em- 

30 bodiment and its modification, as seen from the above 
description, the asymmetry of coupling between the 
incidence- and emergence-side lead sections of the 
conventional directional couplers can be removed by 
properly designing the front and rear partial junctions 

35 and the state of coupling at the emergence-side lead 
section, so that the extinction ratio for the cross mode 
can be prevented from lowering. Also, the extinction 
ratio can be prevented from undergoing deterioration 
attributable to the variation in accuracy of the drmen- 

40 sional parameters during the manufacture of the opt- 
ical devices. Since the central partial junction is 
formed having a length such that the extinction ratio 
for the through mode has its maximum, moreover, the 
through-mode extinction ratio can be also kept high. 

45 In other words, the optical devices of the third embodi- 
ment and its mod ification exhibit a high extinction ratio 
for either of the through and cross modes. 

Referring now to Fig. 22, a 2-in put/2-output direc- 
tional coupler type optical device according to a fourth 

so embodiment of the present invention will be descri- 
bed. 

As seen from Fig. 22, a plane pattern of the opti- 
cal device of the present embodiment corresponds to 
a combination of the respective devices of the second 
55 and third embodiments. In the present embodiment, a 
junction CO is identical with that of the third embodi- 
ment, and incidence- and emergence-side lead sec- 
tions C1 and C2 are identical with or similar to those 

11 
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of the second embodiment Therefore, like reference 
numerals are used to designate like or common ele- 
ments used in the second or third embodiment and the 
present embodiment and a description of those ele- 
ments Is partially omitted. 

In brief, curved optical waveguides D1 and D2 are 
optically connected to incidence ends A1 and B1 of 
optical waveguides A and B of the junction CO, re- 
spectively, thus constituting an incidence-side lead 
section C1 , and curved optical waveguides D3 and D4 
are optically connected to emergence ends A2 and B2 
of the waveguides A and B, respectively, thus consti- 
tuting an emergence-side lead section C2. Also, 
straight optical waveguides E1 and E2 are optically 
connected to the waveguides D1 and D2, respective- 
ly, and straight optical waveguides E3 and E4 to the 
waveguides D3 ami D4, respectively. 

At the incidence- and emergence-side lead sec- 
tions C1 and C2 which resemble those of the second 
embodiment (Fig. 9), control means K9 and K10 (cor- 
responding to the electrodes F7 and F8, respectively, 
for use as the second mode coupling suppressing 
means of the second embodiment) for the coupling 
coefficient or state of coupling between the optical wa- 
veguides D1 and D2 are mounted on the waveguides 
D1 and D2, respectively, and control means K7 and 
K8 (corresponding to the electrodes F5 and F6, re- 
spectively, of the second embodiment) for the cou- 
pling coefficient or state of coupling between the opt- 
ical waveguides D3 and D4 are mounted on the wa- 
veguides D3 and D4, respectively. 

Further, the junction CO, which is constructed in 
the same manner as that of the third embodiment (Fig. 
12), comprises a front partial junction C3, front partial 
junction C4 with electrode, central partial junction C5, 
rear partial junction C6 with electrode, and rear partial 
junction C7, these individual partial junctions having 
the same lengths as their counterparts according to 
the third embodiment As described before in connec- 
tion with the third embodiment with reference to Fig. 
5 and Figs. 13 to 16, electrodes F1, F2, F3 and F4 are 
mounted on the partial junctions C4 and C6 in an in- 
verted A p configuration. 

In the present embodiment a combination of the 
incidence-side lead section C1 and the front partial 
junction C3 constitutes a new equivalent incidence-si- 
de lead section (C1 + C3), and a combination of the 
emergence-side lead section C2 and the rear partial 
junction C7 constitutes a new equivalent emergence- 
side lead section (C2 + C7). 

Thus, as in the case of the third embodiment the 
coefficients p1 and p3, among the coefficients p1, p2 
and p3 for defining the respective lengths of the indi- 
vidual partial junctions, are selected as values such 
that the state of coupling at the equivalent incidence- 
side lead section (C1 + C3) agrees with the state of 
coupling at the equivalent emergence-side lead sec- 
tion (C2 + C7), so that the coupling at the equivalent 



incidence-side lead section (C1 + C3) and that of the 
equivalent emergence-side lead section (C2 + C7) 
cancel each other, whereby the whole device can 
equivalent enjoy perfectly symmetrical incidence- 

5 and emergence-side lead sections. 

As in the case of the third embodiment moreover, 
the coefficient p2 is adjusted to a value such that the 
central partial junction C5 has a length corresponding 
to a maximum value of the extinction ratio for the 

10 through mode. Thus, a state of coupling can be ob- 
tained which is equivalent to the sum of the individual 
states of coupling at the incidence-side lead section 
C 1 , the front and rear partial junctions C3 and C7, and 
the emergence-side lead section C2. 

15 Further, gaps g1 to g10, identical with the ones 
described before in connection with the third embodi- 
ment and stmiar gaps 1 1 and 1 2 are formed between 
the electrodes and the control means mounted on the 
individual partial junctions. 

20 In the optical device according to the present em- 
bodiment the individual coupling or connections are 
caused to cancel each other by the agency of the 
equivalent incidence-side lead section (C1 + C3), 
formed of the incidence-side lead section C1 and the 

25 front partial junction C3, and the equivalent emer- 
gence-side lead section (C2 + C7), formed of the 
emergence-side lead section C2 and the rear partial 
junction C7. Accordingly, the whole device can enjoy 
the perfectly symmetrical incidence- and emergence- 

30 side lead sections. Thus, the extinction ratio for the 
cross mode can be prevented from lowering. 

The central partial junction C5 is adjusted to a 
length such that the extinction ratio for the through 
mode has a maximum. In this case, the theoretical ex- 

35 tinction ratio for the through mode is 60 dB or more. 

By activating the control means K9 and K10 
mounted on the incidence-side lead section CI and 
the control means K7 and K8 mounted on the emer- 
gence-side lead section C2, moreover, the deviation 

40 between the actual and theoretical states of coupling 
at each partial junction, attributable to variation in di- 
mensional accuracy in the manufacture of the device, 
can be adjusted to restore the device to a high- 
extinction state. 

45 Thus, the optical device of the present embodi- 
ment can enjoy much higher extinction ratios for both 
the cross and through modes than the conventional 
ones. 

Referring now to Fig. 23, a modification of the opt- 
so ical device according to the fourth embodiment will be 
described. 

The optical device according to this modification 
is a modified version of the device shown in Fig. 22 in 
which p1 = p3 = 0 is given, that is, the respective in- 
55 cidence ends A1 and B1 and emergence ends A2 and 
B2 of the optical waveguides A and B are optically 
connected directly to their corresponding curved opt- 
ical waveguides D1, D2, D3 and D4 without the use 
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of the front and rear partial junctions. 

In Fig. 23, the length of the junction CO, the dis- 
tance 6 between the optical waveguides A and B, the 
distance GF between the through port E3 and the 
cross port E4, the distance Gf between the incidence 5 
ports E1 and E2, and the respective curvature radii RO 
and R1 of the curved optical waveguides D1 and 02 
and the waveguides D3 and D4 are all identical with 
those of the device shown in Fig. 17. 

The length, p2 x U of the central partial junction 10 
C5 is 540 um (p2 = 0.0675), and the respective 
lengths of the front partial junction C4 with electrode 
and the rear partial junction C6 with electrode are both 
3.73 mm. 

The front and rear partial junctions C4 second C6 15 
with electrode at the junction CO and the InckJence- 
and emergence-side lead sections C1 and C2 are 
constructed or formed in the same or like manner as 
those of the first embodiment (Fig. 7) or the third em- 
bodiment (Fig. 18), so that a description of their con- 20 
structions and the forming methods therefor is omit- 
ted. 

Fig. 24 shows a theoretical characteristic curve 
representing the switching characteristic of this de- 
vice obtained when a TE mode light beam with a wa- 25 
velength of 1 .3 um is excited at the incidence port E1 , 
and when only the electroopticaJ effect is developed 
by applying reverse bias voltage to the electrodes. 

When the device is actually driven by means of 
the reverse bias voltage, the extinction ratio can be 30 
estimated at 30 dB or more if the applied voltage in the 
cross mode is -7 V or if the applied voltage in the 
through mode is -15 V, in view of the conditions of a 
measurement system. 

Fig. 25 shows the relationship between the flue- 35 
tuation of the extinction ratio and the coefficient p2 of 
the device observed when the coefficient p2 is varied 
to change the length, p2 x L, of the central partial junc- 
tion C5. In Fig. 25, circles and black squares repre- 
sent the through mode and the cross mode, respeo- ao 
tively. 

Theoretically, as seen from Fig. 25, this device 
can enjoy the extinction ratio of 60 dB or more without 
regard to the mode, through or cross, if the central 
partial junction C5 is formed with the value p2 ranging 45 
from 0.066 to 0.068. 

It is evident from Fig. 25, moreover, that the coef- 
ficients p1, p2 and p3 should be selected at certain 
values for the maximum extinction ratio of the device. 

If Gf, GF, G, R0, R1 and Ware set at the values so 
described before in connection with the second and 
third embodiments, for example, the extinction ratio 
for the cross mode inevitably lowers unless p1 = 0 and 
p3 = 0 are established. If p2 is deviated from 0.0675, 
moreover, it is impossible to obtain the maximum ex- 55 
tinction ratio, 74.29 dB, for the through mode. 

When the value p2 at least varies from 0.0675 to 
0.062 or less, as seen from Fig. 25, the extinction ratio 



of this device lowers from its maximum value to 30 dB 
or less. More specifically, me extinction ratio of the de- 
vice lowers to 30 dB or less if the dimensional para- 
meter of the central partial junction C5 with the length 
of p2 x L is deviated 44 um from a preset theoretical 
value for the waveguide ridge depth h of 1 .0 um. 

Usually, as mentioned before, the device is man- 
ufactured by combining photolithography and etch- 
ing, and the accuracy of a photomask used in this 
case is controlled to be 1 um or less. It is technically 
possible, therefore, to control the accuracy of the di- 
mensional parameter for the length of the central par- 
tial junction C5 within the range of the aforesaid allow- 
able value, 44 um. 

However, the depth h of the ridge formed by etch- 
ing has a great influence upon the extinction ratio. 

The relationship between the etching residue, 1 .0 
- h (um), and the coefficient p2 for the maximum ex- 
tinction ratio, obtained as the ridge depth h of the de- 
vice is varied, is identical with the one shown in Rg. 
21. 

Where the ridge depth h is deviated, for example, 
± 0.05 um from 1.0 um, as seen from Fig. 21, the op- 
timum length of the central partial junction C5 for the 
maximum extinction ratio must be changed from the 
preset value, 540 um, for the depth h of 1.0 um to 608 
or 496 urn. 

Let it be supposed that the actual ridge depth h 
of the device of Fig. 23 is about 0.95 um, which is 
about 0.05 um shorter than the preset depth, even 
though the device is manufactured with the target val- 
ue of the ridge depth h at 1 .0 um and the Individual di- 
mensional parameters set as aforesaid. In this case, 
the whole structure is kept symmetrical In the cross 
mode, so that the extinction ratio of the device is 30 
dB or more if the voltage applied to the electrodes F1 
to F4 is -7 V, in view of the conditions of the measure- 
ment system, all the same. In the through mode, how- 
ever, the maximum extinction ratio obtained with use 
of the applied voltage of -15 V is about 25 dB, which 
is much lower than the theoretical value. 

A reverse voltage of about -16 V was applied to 
the control means (electrodes) K9 and K10 of the in- 
cidence-side lead section C1, the control means 
(electrodes) K3 and K4 of the central partial junction 
C5, and the control means (electrodes) K7 second K8 
of the emergence-side lead section C2, and at the 
same time, a reverse voltage of -15 V was applied to 
the electrodes F1 to F4. Thereupon, a through mode 
with the extinction ratio of 30 dB or more was ob- 
tained. 

This is attributable to the following result The 
electroopticaJ effect of the optical waveguides was de- 
veloped by the applied reverse voltage, at the inci- 
dence-side lead section C1, central partial junction 
C5, and emergence-side lead section C2, so that the 
respective refractive indexes of the waveguides were 
increased. Accordingly, light was confined so tight 
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that the coupling coefficient between the paired opti- 
cal waveguides was lowered. Thus, the length, p2 x 
L, of the central partial junction C5 increased from 496 
um, which corresponds to h = 0.95 urn, and equiva- 
lency approached the preset value 540 um, which cor- 
responds to h = 1.0 um. 

If the ridge depth h is increased, it is necessary 
only that the length of the partial junction C5 be equiv- 
alency shortened in the manner described before in 
connection with the third embodiment 

In the optical devices according to the fourth em- 
bodiment and its modification, as seen from the above 
description, deterioration of the extinction ratio for the 
cross mode, attributable to the asymmetry of coupling 
between the incidence- and emergence-side lead 
sections of the conventional directional couplers, or to 
the variation in accuracy of the dimensional parame- 
ters during the manufacture, can be removed by prop- 
erly designing the state of coupling at the equivalent 
incidence-side lead section, formed of the incidence- 
side lead section and the front partial junction, and the 
state of coupling at the equivalent emergence-side 
lead section, formed of the rear partial junction and 
the emergence-side lead section. Since the central 
partial junction is formed having a length such that the 
extinction ratio for the through mode has its maximum, 
moreover, the through-mode extinction ratio can be 
also kept high, in other words, the optical devices of 
the fourth embodiment and its modification exhibit a 
high extinction ratio for either of the through and cross 
modes. 

In the various embodiments and modifications 
described above, the optical device of the present in- 
vention is driven as an optical switch. Alternatively, 
however, it may be used as a polarizing splitter which 
simultaneously performs, for example, injection of for- 
ward current from the electrodes and application of re- 
verse voltage, thereby separating a TE mode light 
beam from a TM mode light beam. Further, the device 
can be used as an optical modulator or light-wave di- 
visional multiplexer with high extinction ratio charac- 
teristics. 



emergence side of each corresponding port and 
a cross port, individually, said optical device com- 
prising: 

coupling control means on the emergence- 
5 side lead section for controlling coupling between 

the two third optical waveguides. 

2. An optical device according to claim 1, wherein 
said incidence-side lead section is formed of one 
straight optical waveguide for use as the second 
optical waveguide, so that said optical device 
functions as a 1-input/2-output directional cou- 
pler type optical device. 

3. An optical device according to claim 1, wherein 
said Incidence-side lead section further includes 
another second optical waveguide optically con- 
nected to the incidence side of the other of the two 
first optical waveguides, so that said optical de- 
vice functions as a 2-input/2-output directional 
coupler type optical device, and 

wherein said optical device further com- 
prises second coupling control means on the in- 
cidence-side lead section for controlling coupling 
between the two second optical waveguides. 

4. An optical device according to claim 2 or 3, 
wherein said junction includes a first partial junc- 
tion of a length p1 x L, a second partial junction 
of a length (1 - p1 - p2 - p3) x U2, a third partial 
junction of a length p2 x L, a fourth partial junction 
of the same length as that of the second partial 
junction, a fifth partial junction of a length p3 x L, 
and third coupling control means on at least one 
of the first, third, and fifth partial junctions for con- 
trolling coupling between corresponding portions 
of the two first optical waveguides, said L being 
the length of the junction, said p1 , p2 and p3 being 
decimals or zero satisfying a relation p1 + p2 + p3 
<1 (p2*0), and said first to fifth partial junctions 
being optically connected in the order named, 
starting at the incidence end of the junction. 
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5. An optical device according to any preceding 
45 claim, wherein said coupling control means is 
formed of mode coupling suppressing means 
mounted on each of the third optical waveguides. 



Claims 

1. A directional coupler type optical device which 
has a junction including a pair of first optical wa- 
veguides arranged parallel to each other and 
propagation constant control means on the first so 
optical waveguides for controlling respective 
propagation constants of the first optical wave- 
guides, an incidence-side lead section including 
a second optical waveguide optically connected 
to an incidence side of one of the two first optical 55 
waveguides, and an emergence-side lead sec- 
tion including a pair of third optical waveguides 
optically connected at each one end thereof to an 



6. An optical device according to any preceding 
claim, wherein said two first optical waveguides 
have propagation constants of equal values. 

7. An optical device according to any preceding 
claim, wherein each said third optical waveguide 
is formed of a curved or straight optica) wave- 
guide. 

8. An optical device according to any preceding 
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claim, wherein each said second optical wave- 
guide is formed of a curved or straight optical wa- 
veguide. 

9. An optical device according to any preceding s 
claim, wherein each said first optical waveguide 

is formed of a material having an electro optical 
effect or band fating effect of a material having a 
structure such that a refractive index thereof can 
be controlled by introduction of an electrical sig- 10 
nal. 

10. An optical device according to any preceding 
claim, wherein said two first optical waveguides 
have equal widths. 1 s 

11. An optical device according to any preceding 
claim wherein each said coupling control means 
controls a coupling coefficient or a slate of cou- 
pling between a respective pair of optical wave- 20 
guides. 

12. A driving method for a 1 -input/2-output directional 
coupler type optical device which has a junction 
including a pair of first optical waveguides ar- 25 
ranged parallel to each other and propagation 
constant control means on the first optical wave- 
guides for controlling respective propagation con- 
stants of the first optical waveguides, an inci- 
dence-side lead section including a second opti- 30 
cal waveguide in the form of one straight optical 
waveguide optically connected to an incidence 
side of one of the two first optical waveguides, an 
emergence-side lead section including a pair of 
third optical waveguides optically connected at 35 
each one end thereof to an emergence side of 
each corresponding first optical waveguide and 
optically connected at respective other ends 
thereof to a through port and a cross port, individ- 
ually, and coupling control means for controlling 40 
coupling between the two third optical wave- 
guides, said coupling control means including 
mode coupling suppressing means mounted on 
each of the third optical waveguides, said driving 
method comprising the steps of: 45 

applying a required electrical signal to the 
propagation constant control means; and 

activating a required one of the mode cou- 
pling suppressing means mounted individually on 
the two third optical waveguides while applying so 
the required electrical signal, thereby establish- 
ing a high-extinction through or cross mode as re- 
quired. 

13. A driving method according to claim 12, wherein 55 
said one mode coupling suppressing means is 
activated in a manner such that the mode cou- 
pling is zero. 



14. A driving method for a 2-input/2-output directional 
coupler type optical device which has a junction 
including a pair of first optical waveguides ar- 
ranged parallel to each other and propagation 
constant control means on the first optical wave- 
guides for controlling respective propagation con- 
stants of the first optical waveguides, an inci- 
dence-side lead section including a pair of sec- 
ond optical waveguides optically connected to in- 
cidence sides of the two first optical waveguides, 
individually, an emergence-side lead section in- 
cluding a pair of third optical waveguides optically 
connected at each one end thereof to the emer- 
gence side of each corresponding first optical wa- 
veguide and optically connected at respective 
other ends thereof to a through port and cross 
port, individually, first coupling control means for 
controlling coupling between the two third optical 
waveguides, and second coupling control means 
for controlling coupling between the two second 
optical waveguides, said first coupling control 
means including first mode coupling suppressing 
means mounted on each of the third optical wa- 
veguides, and said second coupling control 
means including second mode coupling sup- 
pressing means mounted on each of the second 
optical waveguides, said driving method compris- 
ing the steps of. 

applying a required electrical signal to the 
propagation constant control means; and 

activating the second mode coupling sup- 
pressing means mounted on that one of the two 
second optical waveguides upon which no light is 
incident, and activating a required one of the first 
mode coupling suppressing means mounted indi- 
vidually on the two third optical waveguides, while 
applying the required electrical signal, thereby 
establishing a high-extinction through or cross 
mode as required. 

15. A driving method according to claim 14, wherein 
said second mode coupling suppressing means 
mounted on that second optical waveguide upon 
which no light is incident and said required first 
mode coupling suppressing means are activated 
in a manner such that the mode coupling is zero. 
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